Introduction
Dielectric elastomers are finding more and more applications, but the production of these thin elastomeric films is complex and remains a challenge. The production of thin, large area, and inherently soft elastomers poses a great challenge to the final product reliabilit, [1, 2] because thickness variations as well as local variations in elastomer composition greatly affect the overall properties of the resulting film and thus of the transducer. Currently, poor film quality as a result of improper mixing is usually realised in retrospect when a film fails. This is a great challenge in the production since mixing of the thermosetting elastomer must be done fast and efficiently without excessive heating in order not to cure the elastomer during the mixing process.
The precise measurement of the thickness of elastomer films is of high importance as well and these online measurements are well-known from solar cell production etc. [3, 4] Optical techniques are generally preferable due to their non-contact nature for avoiding deformations of the inherently soft films. Different optical methods can be used, such as white light interferometry, laser profilometry, and transmission or reflection spectrometry. [5] Commonly for large-scale production of dielectric elastomers, thicknesses of 20 micron are desired, but novel techniques allow for the production of even thinner films, even submicron, [6] [7] [8] where sensitivity to thickness variations is even greater.
Because the actuation strain of dielectric film scales with the thickness to the second power, [9] dielectric elastomers are very sensitive to variations in thicknesses, with local disparities causing severe local thinning commonly followed by electrical breakdown through so-called 'electromechanical instability'. [10] However, depending on the electrode geometry, this phenomenon may be reduced. [11] Variations in thickness after coating are inherent in nonideal elastomer mixtures and are the result of discrepancies in viscosities. Numerous additives in the formulations may overcome this issue, but they cannot compensate for improper mixing, which means that consistent and coherent mixing of the elastomer premixes is important for achieving homogeneous films, with respect to thickness, local homogeneity and the consistent presence of the reactants throughout the film. Due to the significant differences in molecular weights, and therefore also differences in viscosities of the crosslinker and the polymer (viscosity scaling with a molecular weight to the power of ~3.4), viscous components may be slightly immiscible in lower viscosity components. If a less viscous fluid is forced into a more viscous one, the interface between the two fluids may become unstable and long fingers of the less viscous fluid may arise as a quasi-stable condition. [12] This phenomenon cannot be detected by traditional means such as NMR and IR spectroscopy, and thus an initial evaluation of mixing quality is not easy. Furthermore, mixing cannot be extended unlimitedly, since the elastomer premixes will start to react to lesser or greater extent and thereby further complicate the evaluation if viscosity is used as a measure for homogeneity. Using a value of viscosity as a target value is also problematic, since a given viscosity may arise from many different mixture conditions, i.e. it is not by any means a singular measure; therefore, the evaluation naturally can be considered after coating.
Film quality is a result of mixing, coating and curing processes, though it also depends on the specific elastomer formulation, which may be formulated with additives to provide a smoother surface, longer pot life, less sensitivity to curing inhibition, etc. [13] Improper mixing leads to inhomogeneity in the reactants, as discussed previously, but by introducing the controlled heterogeneity of silicone elastomer films, mechanical properties can be altered very effectively if the crosslinking concentration is increased locally in microscopic "spots" and thus lowered in the remaining matrix. [14] This phenomenon leads to a strong decrease in the Young's modulus and a simultaneously higher ultimate strength due to the reinforcing effect of the densely crosslinked spots. The same effect can result in improper mixing of the network constituents and may be ideal, for example, in soft actuation where a low Young's modulus is desirable; on the other hand, in this case, reproducibility is not existent. Additionally, a surplus of solvent may lead to the loss of entanglements and thus a strong softening effect. [15] Detecting local nano-structural or microstructural variations, however, is not easy but can be performed by AFM [16] or nanoindentation, [17] though this requires access to advanced instrumentation.
Ultimate mechanical properties such as tensile strength are very sensitive to minute imperfections, and usually they are governed by the largest imperfection, not the degree thereof. Thus, they usually do not give an overall picture of the film quality but rather the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 number of crucial imperfections in that particular filmstrip (which may be none for a certain strip and multiple for another).
Variations in crosslinking are also evident from changes in electrical properties. [18] For thin film evaluation, the goal is to carry out as few tests as possible while reliability is consistently determined. Electrical breakdown strength has been found to be a good indicator of film quality, and therefore further statistical analyses in this regard will potentially be beneficial.
Electrical breakdown strength is determined as the maximum applied electric field over a given film before short-circuiting takes place. Various methods to determine electrical breakdown strength of DEs have been reported in literature. [19, 20] In the utilized method within this study the geometrical parameters of the electrodes have been kept constant such that the contacted area remains constant. Likewise the ramp-up of the electrical field has been kept constant during the experiments to eliminate the influence of build-up of charges.
One method to describe the statistical probability of the electrical breakdown of an elastomer in a given electrical field is the Weibull distribution. The usual Weibull distribution is given by three parameters, namely η, which describes the characteristic life, β, which is the shape parameter, and γ, which is the location parameter. [21] t is the variable, which in this case is the electrical field over the dielectric elastomer. The probability density function (pdf) is described by:
In most cases, the location parameter is set to γ = 0, which gives the two-parameter Weibull distribution:
The value of the location parameter of 0 indicates that electrical breakdown may occur instantaneously with the application of an electrical field, i.e. f(t) > 0 for t > 0. If the location parameter is given by γ = γ', then f(t) > 0 for t > γ'. The approximation of γ = 0 seems reasonable for the electrical breakdown of dielectric elastomer films, since a conducting fibre/dust particle within the elastomer, for example, may lead to immediate breakdown upon the application of an electrical field.
The above distribution can also be expressed as a cumulative density function (cdf) by the integration of the pdf:
where, in other words, η is electrical breakdown strength and β is a measure of reliability.
Usually, η agrees with the arithmetic mean within a few V/µm. [22] An illustration of how the two Weibull parameters, η and β, affect the probability density and cumulative density functions is shown in Figure 1 . 
Fig.1. Illustration of the effect of η and β on the pdf (left) and cdf (right) of the Weibull distribution. A) and B) illustrate how variations in η at constant β affect the Weibull

distribution, and C) and D) illustrate how variations in β at constant η affect the Weibull distribution.
When producing dielectric elastomers in the laboratory by means of blade coating, the resulting thickness of a given film is dependent -obviously -not only on the utilised gap, but also on the viscosity of the resulting mixture and thus on the time from and temperature during mixing and coating etc. To reduce the amount of tests needed to determine if the elastomers are reliable, extrapolation of the breakdown strength, E0, to different thicknesses can be achieved. As proposed by Zakaria et al., this can be done with the following theoretical expression: [20] ( ) = ( 0 ) (4)
where n is a factor describing the increase in the elastomer thickness, in which case it is given that n > 1. For this expression to be valid for different thicknesses, the shape parameter, β, has to be constant for all given thicknesses, though this is not a generally valid approximation for dielectric elastomers. [23] The value of the shape parameter (width of distribution) depends on how uniform the breakdown strength is throughout the elastomer, i.e. it depends on microscopic homogeneity.
In the following, a given commercial elastomer will be tested for both its dielectric breakdown strength and its stress strain characteristics, to determine whether the shape parameter is constant or it varies with elastomer thickness, and if there is a connection between mechanical properties and the size of the shape parameter.
Current state-of-the-art techniques to increase the reliability of elastomer films include a socalled "pre-treatment" whereby the coated and cured elastomer film is taken stepwise to a given electrical field (Epre). As a result, all breakdowns occurring before Epre are eliminated ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 and microscopic breakdown holes exist in the elastomer film. These may be ignored, since they are passive, but for product performance they are usually repaired by filling with liquid silicone elastomer and then curing to make them mechanically compliant -in contrast to the air-filled holes. This principle works only for dielectric elastomer transducers where the electrodes are self-clearing, [24, 25] i.e. they either diminish or stop conducting current after breakdown, such that the electrical breakdown zone becomes a passive zone within the dielectric elastomer. The principle in terms of the Weibull distribution is explained in Figure   2 .
Fig.2. Illustration of the effect of pre-treatment on the probability density function for dielectric elastomer film with pdfs of non-pre-treated film (left) and pre-treated film (right).
The 
Sample preparation
Three separate batches of LR3043/50 were prepared by mixing component A, component B and the OS20 solvent in the ratio 5:5:7 by mass on different days (batch 1: day 1, batch 2: day 8, batch 3: day 15). Batch 3 premixes were exposed to the air for two weeks in the storage container, whereas premixes from batches 1 and 2 were kept in airtight containers flushed with nitrogen. Each batch mixture was split into two (at a ratio of 3:1), the largest one of which was speed-mixed at 3500 rpm for 2×3 min, followed by 2×5 min to get a homogeneous mixture, and the other was hand-mixed for 15 min. From each batch, four films were made by applying the mixture to glass plates with a 3540 bird applicator (Elcometer).
The three speed-mixed samples were applied with thicknesses of 50 µm, 100 µm and 150 µm, respectively, and the hand-mixed sample was applied with a thickness of 100 µm. All films were cured at 45 o C for 1 hour, followed by 30 minutes at 115 o C. This extensive postcuring scheme was utilised to ensure that all volatiles had been removed efficiently and therefore would not influence the results. [22, 26] The produced films and their thickness can be seen in Table 1 . 
Elastomer thickness
The true thickness of the elastomer films was determined by applying the elastomer to a glass plate and measuring the distance from this to the edge of the elastomer. The measurement was done on a Leica DMLB microscope with a 2.0 Thor lab USB 2.0 Digital Camera. This method has previously been proven reliable upon comparison with weighing large cut-outs of films with pre-specified areas.
Dielectric breakdown strength
Electrical breakdown strength measurements of the silicone elastomer were performed on an in-house-built machine adhering to international standards IEC 60243-1 (1998) and IEC 60243-2 (2001). The silicone film was placed between two hemispherical electrodes such that the electrodes touched the elastomer surfaces on both sides, with a small indentation ensuring contact. The distances between the two hemispherical electrodes were noted for each measurement, and the voltage was then increased by 0.1 kV/s increments until a short circuit occurred. Each elastomer film was tested 12 times.
Tensile stress-strain
The stress strain relationship of the silicone elastomer was measured by an ARES-G2 rheometer with an SER2 geometry. The measurements were performed with 6 mm-wide samples of the silicone elastomer, which were attached horizontally on the SER2 module, in order to avoid askew stretching of the sample, which could have resulted in misleading results.
The stretch on the elastomer took place in the coils rotating in opposite directions, causing a steady Hencky strain rate of 0.01 s -1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The silicone elastomer LR3043/50, which contains extremely viscous elastomer premixes, was chosen for the investigations because it has excellent properties for dielectric elastomer uses, but at the same time it is extremely difficult to process without using significant amounts of solvents, thus making it very sensitive to correct processing.
Discussion and results
Three batches of the elastomer were prepared by the same procedure but on different days.
The first three films from each batch resulted from speed-mixing the elastomer premixes, with the third batch being exposed to oxygen for two weeks to cause some degradation of the silane crosslinker over time, and thus lower the degree of crosslinking in the final elastomer film. The presence of oxygen leads to oxidation of the Si-H group which turns into Si-OH, and the Si-OH group is not capable of crosslinking at the given conditions. Therefore crosslinker functionality is lost and the film must become inherently softer. The three films from speed-mixing were coated consecutively with knife gaps of 50, 100 and 150 µm, respectively. The fourth film in each batch was prepared by simple hand-mixing, i.e. not adequate mixing, and coated with a knife gap of 100 µm. As a result, batches 1 and 2 should yield the same results within experimental error, except for sample 4, where reproducibility was not expected due to the hand-mixing procedure. Batch 3 should have the characteristics of an insufficiently crosslinked elastomer compared to the reference elastomers in batches 1 and 2.
In Table 2 , the mechanical properties of the various films are listed. The Young's moduli, as functions of film thickness, are also shown in Figure 3 . From the achieved results it is clear that oxygen poisoning has by far the largest influence on mechanical properties, whereas improper mixing is not as easily detectable. However, what is evident from the table is that batches 1 and 2 compare well mechanically, whereas batch 3 has a significantly lower Young's modulus and tensile strength, thereby indicating a much lower degree of crosslinking, which will directly influence the electrical properties. [13] Also it can be seen that all properly mixed samples show a slight decrease of Young's modulus with increased thickness. This indicates that the surfaces of the films cure better than the bulk. This is commonly known for condensation curing silicone elastomers but for addition curing elastomers, such as the one investigated within this study, this is not generally known and usually the Young's modulus is regarded independent of thickness. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64
Fig.3. Young's moduli as functions of film thickness for the three different types of films (batches 1 and 2 being considered as ideal films, batch 3 with less crosslinking and handmixed samples being improperly processed).
With respect to electrical characterisation, voltage ramps were introduced to the various films until breakdown took place, as illustrated in Figure 4 , from which it is apparent that the electrical breakdown gives rise to visible pinholes. The electrical breakdown patterns followed typical breakdowns for silicone elastomers, [27] and for each elastomer sample 12 local electrical breakdown strengths were recorded. The electrical breakdown strength results in terms of the fitted Weibull parameters are illustrated in Table 3.   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 Figure 5 , the probability density function of the electrical breakdowns for batch 2 (as a representative batch) is presented. Probability density functions of all samples can be seen in ESI. The thinnest film shows the largest scale parameter, (η), which is representative of the highest electrical breakdown strength, though it also shows a relatively large width of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 distribution (β), due to the relatively low value of β. The distribution thins significantly in line with increasing thickness, thus indicating more homogeneous breakdown patterns, but the electrical breakdown strength drops -the reason for which will be discussed subsequently. For the hand-mixed samples, the broadest distributions of all are achieved, thereby indicating a low degree of homogeneity together with low electrical breakdown strength values. In Figure 6 , a comparison across the batches on films targeted to be of the same thickness, and their respective probability density functions, is shown for the thickest sample (sample 3). Noticeablely, batch 3 falls significantly short of the two others with respect to both η and β, which agrees well with the significant degree of crosslinking discussed previously. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 63 64
Fig. 6. Comparison of the thickest speed-mixed samples from batches 1-3. Batches 1 and 2 show excellent agreement, as expected, whereas batch 3 with the degraded crosslinker shows both significantly lower electrical breakdown strength (η) and wider distribution (lower Weibull slope, β).
Gate oxides in transistors have seen extensive modelling of dielectric properties. These gate oxides are composed of thin oxide films, in which the electrical breakdown has been modelled as a percolation of defects introduced by small currents passing through the material, shown as discrete units which are either conductive or non-conductive. [28] [29] [30] [31] These models have led to a theoretical estimation that agrees well with our experimental finding, namely that β increases with sample thickness. [29, 30] In thin oxide films, the breakdown is induced by stress provoked by low voltages, but the thickness is correspondingly smaller, [31] so the field strengths are of the same magnitude as in elastomer electrical breakdown strength measurements. It can therefore be hypothesised that electrical breakdown in silicone elastomers can be modelled by the same percolation theories used in the previously discussed theories. [28, 30] Furthermore, the increase in shape parameter (β) in line with thickness can be explained by the fact that more defects are needed to reach the percolation threshold, thereby reducing the likelihood of a conducting path being formed. [29] If a probability, p, that a given bond or connection is conductive is defined, then the percolation threshold for overall conduction has been shown to follow the following relation for specific dimensions and bond configurations [32] :
where h is the thickness of the sample and 3 = 0.278 is a critical percolation threshold in a bulk 3D array for fully amorphous distributions of bonds/interconnections (i.e. ℎ → ∞).
[32]
Equation 6 holds only for ℎ > 0.1, where L is the width of the specimen (in our case L will be representative of the diameter of the contact area, which is significantly larger than the thickness of the elastomer). The above expression indicates that as the thickness of the elastomer increases, the percolation threshold decreases, i.e. it becomes relatively easier to create a conducting path through the thickness (at any given probability p), and thus the electrical breakdown strength is lower for thicker samples.
If we assume that electrical breakdown strength is reached when the bonds percolate, then we can write:
This correlation is plotted in Figure 7 versus thickness for the two identical batches 1 and 2.
It is obvious that there is an excellent fit (R 2 = 0.996) of the proposed theory to our experimental data. Furthermore in Figure 7 a linear fit of β versus thickness has been made.
It is not believed that this relationship is universal but it gives a clear indication that decreased film thickness comes at a cost with respect to the homogeneity of breakdowns for blade coated films.
The variability of β in line with thickness and a change in the electrical breakdown strength definition will have consequences for the reliability projection of dielectric elastomers in the same way as it has for thin oxide films. [31] Furthermore, it is obvious that the simple prediction of the influence of thickness on electrical breakdown strength proposed in Equation 5 does not hold, because both β and η are dependent on thickness. In other words, the elastomer cannot be regarded as consisting of thin elastomers with identical properties in series, simply because the percolation threshold of each of these thin films will be higher than that of the thick ensemble. However, this clearly indicates the need to remember that the mathematically Weibull distribution does not account for all the involved physics. However, the proposed scaling in Equation 7 is straightforward and can be used as a guideline. For the hand-mixed samples, there is no correlation between β and thickness or η and thickness, respectively, as seen for the speed-mixed samples. The sheer difference between the speed-mixed and hand-mixed samples is that homogenisation is uncontrolled in hand -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 mixing, and almost full homogenisation is obtained with speed-mixing. [33] Therefore, it is clear that both β and η are dependent on homogeneity. It can also be seen that the speedmixed samples have a higher β value than the hand-mixed samples, which again confirms that β increases with homogeneity.
Conclusions
It was established herein that electrical breakdown strength determinations provide direct information about both elastomer quality and processing, though this distinction cannot be performed by analysing mechanical properties. It was discussed that by improperly mixing very viscous premixes, so-called "heterogeneous networks" can be achieved that exhibit complex mechanical behaviours due to inhomogeneities in crosslinking density working as reinforcing domains. Therefore, no distinct definition of elastomer mixing could be found from the Young's modulus determinations. However, from electrical breakdown strength determinations, these inhomogeneities were apparent through changes in electrical breakdown strength (η) as well as in the width of the probability density function (β).
Poisoning of the crosslinker (i.e. chemical changes) could be detected by both mechanical and electrical characterisation. This is one step towards detecting film quality and implicitly elastomer mixing, albeit in the current state not online. However, detection could be implemented by testing the outer area of the dielectric elastomer films in an online manner, ideally by utilising self-healing elastomers such as those proposed in recent work. [34] [35] [36] 1 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Electrical breakdown strength characterisation is shown as being able to detect chemical changes in the elastomer premixes, as well as improper mixing of the premixes, in a very efficient manner. Weibull analysis of the individual local breakdown strengths further provides information on the resulting elastomer films. The obtained data are also shown to agree very well with the percolation theories from gate oxides in transistors, where each interconnection is modelled as either conducting or non-conducting. Thereby, a scaling law for electrical breakdown strength as a function of film thickness can be derived. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
